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Available online 13 December 2010Abstract In mammals, X chromosome inactivation (XCI) is a process in which one of the two X chromosomes is silenced,
following XIST expression. Mouse female pluripotent stem cells do not express Xist, and harbor two active X chromosomes.
However, analysis of XCI in human embryonic stem cells (hESCs), mainly based on XIST expression, was not conclusive. Here, we
studied XCI in hESCs by meta-analysis of the expression of the entire set of genes on the X chromosome in 21 female hESC lines.
Thus, we could divide the ES cell lines into three categories: lines with no XCI, lines with full XCI, and lines with partial XCI. The
partial inactivation of the X chromosome always involved the middle of the chromosome, surrounding the XIST transcription
site. The status of XCI in some of the cell lines was validated by either allelic-specific expression or DNA methylation analysis.
Interestingly, analysis of 10 female human-induced pluripotent stem cell (hiPSC) lines demonstrated similar heterogeneity in
the inactivation of X chromosome and could also be classified into the same three categories detected in hESCs. Thus, we could
show that in some hiPSC lines, the X chromosome was activated on reprogramming. Based on our analysis, we propose a model of
the dynamics of XCI in pluripotent stem cells.
© 2010 Elsevier B.V. All rights reserved.Introduction
X chromosome inactivation (XCI) is the mechanism by which
dosage compensation of the sex chromosome is achieved in
mammals (Leeb and Wutz, 2010). This mechanism is
controlled by the noncoding RNA Xist which is expressed
from the inactive X chromosome, and coats it in cis. Xist is
crucial for initiating silencing, although at a later stage,
inactivation becomes independent of Xist and involves a
series of chromatin modifications (Lucchesi et al., 2005; Ng
et al., 2007). The initiation and maintenance of XCI are
extremely important for embryonic processes as well as for⁎ Corresponding author. Fax: +972 2 6584972.
E-mail address: nissimb@cc.huji.ac.il (N. Benvenisty).
1873-5061/$ – see front matter © 2010 Elsevier B.V. All rights reserved
doi:10.1016/j.scr.2010.12.001adult cell physiology (Ng et al., 2007). In addition, investigat-
ing XCI in pluripotent cells may teach us about the epigenetic
state of these cells. It has been shown that inmouse embryonic
stem cells (mESCs) and mouse-induced pluripotent stem cells
(miPSCs) both X chromosomes are active, and inactivation
occurs during differentiation in a random fashion (Navarro
et al., 2008; Maherali et al., 2007). The analyses of human
embryonic stem cells (hESCs) demonstrated a more complex
situation (Dhara and Benvenisty, 2004; Hoffman et al., 2005;
Adewumi et al., 2007; Shen et al., 2008; Silva et al., 2008;
Dvash and Fan, 2009; Dvash et al., 2010), and the status of XCI
in different cell lines was determinedmainly according to XIST
expression levels (Adewumi et al., 2007; Silva et al., 2008;
Dvash and Fan, 2009). These studies showed that undifferen-
tiated female hESCs either may possess two active X
chromosomes and low levels of XIST or show XCI with low or.
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Shen et al., 2008; Silva et al., 2008). Thus, the expression
levels of XIST are not sufficient to determine XCI, and a more
informative tool is necessary. Little is known about the status
of X inactivation in human-induced pluripotent stem cells
(hiPSCs) and it is still not clear whether the X chromosome can
be activated on reprogramming of somatic cells (Lagarkova
et al., 2010; Tchieu et al., 2010). Here, we examined XCI in
hESCs and hiPSCs by meta-analysis of the entire set of genes
on the X chromosome. Our analysis enabled us to divide
the pluripotent stem cell lines based on the level and location
of X inactivation, identifying a newcategory of partial XCI. This
broad analysis adds another dimension to the current
classification of pluripotent stem cell lines, and enhances
our understanding of XCI in hESCs and hiPSCs.Results and discussion
The XCI status of different hESCs was previously analyzed
mainly by XIST expression and was not conclusive (Hoffman
et al., 2005; Adewumi et al., 2007; Shen et al., 2008; Silva
et al., 2008; Dvash and Fan, 2009; Dvash et al., 2010). We
now propose to characterize the status of X inactivation of
multiple female cell lines by examining their transcriptional
profile along the X chromosome and identifying the genomic
regions with significantly higher levels of gene expression.
This is possible by comparison of the gene expression profile
of each female cell line to a reference baseline made up of a
large number of male cell lines (Mayshar et al., 2010). We
assume that regions within the female X chromosome,
showing regional overexpression compared to the male
dataset, represent active X chromosomes. In order to detect
such regions, we implemented a piecewise constant fit (PCF)
algorithm of the freely available comparative genomic
hybridization (CGH) analysis software program, CGH-Explorer
(Lingjaerde et al., 2005). Twenty-one female hESC lines
were analyzed using this statistical test, enabling us to
divide the XCI status of undifferentiated female hESCs into
three categories: A, no XCI; B, full XCI; C, partial XCI
(Fig. 1A). We defined cell lines with no XCI as those with
overexpressing regions comprising over 85% of the chromo-
some. Cell lines with less than 15% overexpressing regions
were defined as full XCI and lines with between 15 and 85%
overexpressing regions were defined as partial XCI. Fig. 1B
shows female hESC lines best representing each of the three
XCI states compared to a representative male line in a
moving average plot of the X chromosome. This classifica-
tion is partially correlated with the average expression of
XIST. Low expression of XIST is observed in all cell lines with
no XCI, while in the cell lines with full or partial XCI XIST
expression was either high or low (Fig. 1C). Thus, dissection
of the cell lines according to XIST expression would create
only two categories and would be misleading. Furthermore,
we analyzed the active and inactive regions along the X
chromosomes and generated an "inactivation map" for all
the lines. As can be seen in Fig. 1A, the inactive regions of
the chromosome in lines with partial XCI always include the
regions adjacent to the chromosomal location of XIST. This
finding is congruent with published models proposing that
XIST spreads along the chromosome from its transcription
site, where there is a high concentration of its RNA (Nget al., 2007; Wutz et al., 2002). We therefore suggest that
lines with partial XCI had undergone the first stages of
inactivation with incomplete spreading of XIST. Interest-
ingly, two subgroups of high and low expression levels of
XIST are apparent in these lines. Since XIST is essential for
the initiation of XCI but not for its maintenance (Silva et al.,
2008; Csankovszki et al., 1999), we believe that cells with
high levels of XIST are at the early stage of the process of X
inactivation, whereas cells with low levels of XIST expres-
sion are at a later stage of the process, and probably involve
epigenetic modifications preserving these regions on the X
chromosome as inactive. The same explanation can be given
for the same two subgroups of lines with full XCI. It still
needs to be determined whether there are differences in
the ability of these cell lines to initiate XCI on in vitro
differentiation. High expression levels of pluripotent mar-
kers in all cell types (Fig. 1D) suggest that the differences in
expression of genes on the X chromosome between the
different cell lines did not result from differences in the
differentiation status of the cells. All the cell lines tested
show similar expression levels of their X chromosome
pseudoautosomal genes (Fig. S1A), although their X-linked
genes showed clear differences in their expression levels. As
was recently suggested (Dvash et al., 2010), no correlation
was found between the cell lines' passage number or culture
conditions and the XCI state (Table S1).
In order to validate our results, we analyzed allelic-
specific expression of various genes on the X chromosome.
We identified heterozygous single nucleotide polymorphisms
(SNPs) located within coding regions of X chromosome genes.
We then sequenced the complementary DNA (cDNA) of these
genes in order to examine monoallelic or biallelic expression.
Biallelic expression of a SNP indicates active transcription
from both X chromosomes, whereas monoallelic expression
implies that one of the X chromosomes is inactive. We
performed this analysis on the hESC line H9 (ES7) which
belongs to the partial XCI category. Indeed, the two SNPs
within the predicted active region were found to be biallelic,
and the two SNPs within the predicted inactive region were
found to be expressed in a monoallelic fashion (Fig. 2A).
Another validation to our analysis comes from the methyl-
ation profile of two cell lines (Fig. 2B). One hESC line,
showing no XCI according to our analysis, also exhibited low
levels of methylation along the X chromosome. While
another hESC line exhibited high levels of DNA methylation
along the X chromosome, implying inactivation of the X
chromosome in this sample.
Our ability to identify XCI by meta-analysis of gene
expression profiling is supported also by two published
studies on the status of X inactivation as measured by
epigenetic changes in the X chromosome. The hESC line
CSES8 was investigated by Dvash et al. (2010) and was shown
to have low levels of XIST and H3K27me3 punctate staining.
In addition, this cell line showed biallelic expression of nine
SNPs along the X chromosome, implying that both X
chromosomes are active. Indeed in our analysis, no XCI was
found in CSES8 cells. Shen et al. (2008) examined the XCI
state of the hESC line HSF6 and demonstrated high levels of
XIST and H3K27me3 punctate staining. Additionally, analysis
of seven SNPs along the X chromosome showed monoallelic
expression, demonstrating that only one X chromosome is
expressed while the other is inactive.
Figure 1 Analysis of expression of the X chromosome in female hESCs: (A) Piecewise constant fit of the X chromosome. Twenty-one
hESCs were divided into three groups according to their XCI status: no XCI, partial XCI, and full XCI. The red rectangles represent areas
overexpressed compared to median expression of male hESCs. In practice, these areas are equivalent to regions expressed by both X
chromosomes. The dashed line represents the XIST transcription site. The full names of the cell lines can be found in Supplementary
Table 1. (B) Moving average plot of the X chromosome. Shown are relative gene expression levels along the X chromosome. Female
hESC lines best representing each of the three XCI states are shown in red. The blue line represents the relative expression of genes on
X chromosome in male hESC. (C) XIST expression levels. Box plot showing expression levels of XIST (the lower and upper quartiles
correspond to the 25th and 75th percentile, respectively). Cell lines with no XCI show low levels of XIST while lines with partial or full
XCI show either high or low expression. (D) Expression levels of pluripotent genes. Expression levels of the pluripotent markers OCT4,
NANOG, and SOX2 are shown for each of the three XCI states.
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full inactivation.
Using the same methodology described above, we
analyzed 10 female hiPSC lines generated in 4 studies, in
comparison to their parental somatic cells. Interestingly, the
same three categories of XCI demonstrated for hESCs are also
relevant for hiPSCs, emphasizing the resemblance of these
two different cell types (Fig. 3A). Furthermore, this analysis
enabled us to suggest that at least in some cases, the X
chromosome was activated on reprogramming. Similar to
hESCs, an “inactivation map”was created for hiPSCs showing
the same pattern of inactivation. Fig. 3B shows female hiPSC
lines representing each of the three XCI states (red line)
compared to the matching parental cell (blue line) in a
moving average plot of the X chromosome. Also similar to the
finding in hESCs, XIST expression levels are variable in the
hiPSC lines with partial and full XCI (Fig. 3C). Similar
expression levels of the pluripotent markers among thehiPSC lines indicate that differences in XCI are not a result of
differences in the differentiation of the cells (Fig. 3D).
Similar expression levels of pseudoautosomal genes suggest
the existence of two X chromosomes in all female cell types
(Fig. S1B). As for hESC lines, also for hiPSC lines, no
correlation was found among the cell lines passage number,
culture conditions, or reprogramming method and the XCI
state (Table S2).
Previously, it has been suggested that transcription from
the single active X chromosome in somatic cells (either in
male cells or following XCI in female) is elevated to achieve
expression levels similar to those from autosomal chromo-
somes (Nguyen and Disteche, 2006). Thus, the ratio of X
chromosome genes to autosomal genes (X:A) is 1. A similar X:
A ratio was reported by Tchieu et al. for 7 female hiPSC line
with full XCI (Tchieu et al., 2010). In our analysis, as
expected, cells with full XCI show X:A ratio close to 1,
consistent with the ratio shown for female somatic cells.
Figure 2 Allelic expression and DNA methylation of hESC lines: (A) Allelic-specific expression of a female hESC line with partial XCI.
SNPs 1 and 2, located in the predicted active region, show biallelic expression. The predicted inactive region, adjacent to the XIST
transcription site, includes SNPs 3 and 4 which are expressed in a monoallelic fashion. (B) DNA methylation profile of hESC lines.
Methylation differences between female and male hESC lines are presented as moving average plot along the X chromosome. hESC line
CSES8, with two active X chromosomes (red line), shows low levels of DNA methylation whereas high levels of DNA methylation are
shown in hESC line H9, which shows full XCI (yellow line). The blue line represents the relative methylation levels on X chromosome in a
male hESC line.
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significantly higher than the full XCI lines (P=0.002) (Fig.
S2). These results are consistent with previous findings in
mESCs in which both X chromosomes were active, showing X:
A ratio of 1.39 (Lin et al., 2007).
Based on our analysis of XCI in hESCs and hiPSCs we
propose a model in which pluripotent stem cells show three
states of XCI: lines with no XCI, lines with full XCI, and lines
with partial XCI (Fig. 4). hESCs are derived from early
embryos and therefore start out with two active X chromo-
somes. Thus, any change in XCI state implies an active
process in which cells can inactivate or reactivate their X
chromosomes (Shen et al., 2008; Silva et al., 2008). In
contrast, hiPSCs are derived from somatic cells in which XCI
is well established. During reprogramming the hiPSCs may
immediately acquire a different XCI status, thus activating
the silent chromosome entirely or partially at the tips of the
chromosome, far from the XIST transcription site. However,
it is also possible that at the pluripotent stage the cells can
alter their XCI state in culture, similar to hESCs. Despite the
similarity observed between hESCs and hiPSCs in the XCI
status, one must consider the possibility that the biological
process leading to the variation in XCI may be remarkablydifferent between the two cell types. Thus, hiPSC lines that
show partial or full XCI may have either undergone
reactivation followed by partial or full inactivation, may
have only been partially reactivated, or not activated at all
on reprogramming (Fig. 4). Tchieu et al. (2010) have recently
described female hiPSC lines which retain an inactive X
chromosome. Supporting our method, analysis of the
expression profiles of four of these cell lines categorized
them as lines with full inactivation (data not shown).
In summary, by using meta-analysis we were able to show
that the XCI status of both hESCs and hiPSCs can be divided
into three categories. As for hiPSCs, this categorization has
an added value showing that the X chromosome can be
activated on reprogramming. Our analysis shows that
determining XCI status of cells according to XIST expression
alone may be misleading and include only dichotomic
conclusions ignoring the new category of partial XCI
suggested here. However, the importance of XIST in the
inactivation process can be seen in our "inactivation maps,"
showing that inactivation always includes areas adjacent to
the transcription site of XIST. The findings presented here
show that the XCI status of both hESCs and hiPSCs is not
homogeneous, and suggest a more accurate classification of
Figure 3 Analysis of expression of the X chromosome in female hiPSCs: (A) Piecewise constant fit of the X chromosome. Ten hiPSCs
were divided into three groups according to their XCI status: no XCI, partial XCI, and full XCI. The red rectangles represent areas
overexpressed compared to the median expression of male hiPSC lines. The dashed line represents the XIST transcription site. The full
names of the cell lines can be found in Supplementary Table 2. (B) Moving average plot of the X chromosome. Shown are relative gene
expression levels along the X chromosome. Female hiPSC lines best representing each of the three XCI states are shown in red. The
blue lines represent the matching parental cells. (C) XIST expression levels. Box plot showing expression levels of XIST in each category
(the lower and upper quartiles correspond to the 25th and 75th percentile, respectively). Cell lines with no XCI show low levels of XIST
while lines with partial or full XCI show either high or low expression of it. (D) Expression levels of pluripotent genes. Expression levels
of the pluripotent markers OCT4, NANOG, and SOX2 are shown for each of the three XCI states.
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the suggested inactivation maps, might direct us to better
understand the epigenetics and reprogramming of the X
chromosome.Materials and methods
Gene expression database
Gene expression profiles from 26 studies were obtained from
the GEO (Gene Expression Omnibus; http://www.ncbi.nlm.
nih.gov/geo) and EMBL-EBI (http://www.ebi.ac.uk) data-
bases. All samples were analyzed using HG-U133plus2 DNA
microarrays. Raw.CEL files were analyzed using MAS5
probeset condensation algorithm using Expression Console
(Affymetrix,CA). Arrays were analyzed for quality control
and outliers removed. The final dataset consisted of 79
samples, 52 hESCs (21 of which are female hESCs), 20 hiPSCs
(10 of which are female hiPSCs), and 7 of somatic cell lines(see Supplementary Tables 1 and 2). Nonexpressed genes
were filtered out by MAS5 Absent/Present call: probes
absent in over 10% of the samples were discarded. Also
removed were probesets without documented chromosomal
location. In order to reduce bias due to low expression levels,
values under 50 were collectively raised to this level. Median
values of gene expression of all male samples were
calculated, serving as the baseline for examining over-
expression of X chromosome genes in female cell lines.
CGH-PCF overexpression analysis
Analysis was performed on expressed genes with known
chromosomal location only. For each gene, a median of
expression levels in male cell lines was calculated. Gene
expression values were divided by this median. These values
were then applied to a freely available comparative genomic
hybridization (CGH) analysis software program, CGH-Explor-
er (Lingjaerde et al., 2005). Active X chromosomes were
detected using the program's piecewise constant fit (PCF)
Figure 4 Model of the dynamics of XCI in pluripotent cells. Pluripotent stem cells show three states of XCI. The variations in XCI
might arise during the reprogramming process, and/or result from transfer in culture from one stage to another.
192 T. Bruck, N. Benvenistyalgorithm with a constant set of parameters: Least allowed
deviation=0.2; Least allowed aberration size=10; Winsorize
at quantile=0.001; Penalty=14; Threshold=0.01. Moving-
average plot of X chromosomes was drawn using the moving-
average fit tool.
Allelic-specific expression
DNA was isolated from the hESC line H9 and analyzed by
Genome-Wide Human SNP Array 6.0 (Affymetrix, CA)
according to the manufacturer's protocol (Afffymetrix, CA).
Genotyping and allele differences were identified using the
Genotyping ConsoleTM (Affymetrix, CA) with the 270
samples of the Human HapMap Project used as baseline.
SNPs were selected for analysis according to the following
two criteria: the gene is X-linked and is heterozygous in the
H9 hESC line. In order to assess allelic-specific expression,
cDNA polymorphic transcribed regions were amplified using
the appropriate primers (see Table S3 for primers
sequences). DNA was separated using an ethidium bromide-
stained 2% agarose gel, followed by purification of the PCR
product (Gel/PCR DNA Fragments Extraction Kit, Geneaid
www.geneaid.com) and direct sequencing to identify the
expressed allele.
DNA methylation analysis
The amount of 500 ng of genomic DNA from each sample
were bisulfate-converted using the EZ-96 DNA Methylation
Kit (Zymo Research Corporation) according to the manufac-
turer's recommendations. After bisulfite conversion, each
sample was amplified and enzymatically fragmented, and
about 200 ng DNA was applied to HumanMethylation27
BeadChip analysis (Illumina). DNA methylation levels were
then applied to the CGH analysis software program, CGH-Explorer (Lingjaerde et al., 2005). Moving-average plot of X
chromosomes was drawn using the moving-average fit tool.Supplementary materials related to this article can be
found online at doi:10.1016/j.scr.2010.12.001.Acknowledgments
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